Many proteins can sense the relative orientations of two sequences at distant locations in DNA: some require sites in inverted (head-to-head) orientation, others in repeat (head-to-tail) orientation. Like many restriction enzymes, the BspMI endonuclease binds two copies of its target site before cleaving DNA. Its target is an asymmetric sequence so two sites in repeat orientation differ from sites in inverted orientation. When tested against supercoiled plasmids with two sites 700 bp apart in either repeated or inverted orientations, BspMI had a higher af®nity for the plasmid with repeated sites than the plasmid with inverted sites. In contrast, on linear DNA or on supercoiled DNA with sites 1605 bp apart, BspMI interacted equally with repeated or inverted sites. The ability of BspMI to detect the relative orientation of two DNA sequences thus depends on both the topology and the length of the intervening DNA.
INTRODUCTION
Communications between distant DNA sites play key roles in almost all genetic events (1, 2) : in the replication, repair and restriction of DNA; in gene expression and its regulation; in genome rearrangements by transposition and site-speci®c recombination (3±9). Many of these systems require sites oriented in a particular manner. Some function only when the sites are in directly repeated (head-to-tail) orientation, for example the resolvases from the Tn3-like transposons (10) . Others need sites in inverted (head-to-head or tail-to-tail) orientation, for example the Type III restriction enzymes (11) .
Such systems can thus sense the relative orientation of two DNA sites, even when the sites are far apart along the DNA.
In some cases, the protein(s) discerns the orientation of the sites by using an energy-dependent translocation mechanism to track along the DNA from one site to the other, for example, the Type III restriction enzymes and the MutHLS repair system (4, 12) . In other cases, the reaction is constrained to sites in a unique orientation by the topology of the DNA: the alignment of the sites needed for the enzyme reaction may be attainable from sites in one orientation but not from sites in the opposite orientation (13) . For example, the structure needed for site-speci®c recombination by resolvase can be assembled from directly repeated sites in a supercoiled DNA but not from inverted sites nor from sites in trans, in separate molecules of DNA (10) . The topology-sensing systems require supercoiled DNA, but a role for supercoiling in determining orientation speci®city has yet to be fully established. Most perturbations that remove the requirement for supercoiling also remove the requirement for the sites to be oriented in a particular manner (14, 15) .
In a DNA with plectonemic supercoils (16) , speci®c sites become juxtaposed mainly when located opposite each other across the superhelical axis, and only rarely through deformations of the superhelix (17, 18) . Juxtapositions across the superhelical axis automatically align directly repeated sites in a different manner from inverted sites (19, 20) : antiparallel and parallel, respectively (Fig. 1a) . In contrast, juxtapositions by deforming the superhelix can yield both antiparallel and parallel alignments from inverted sites (Fig. 1b) and likewise from repeated sites. Moreover, supercoiled DNA of b4 kb is branched at typically 2 kb intervals (16) . Sites~2 kb apart will often be in different branches and will become juxtaposed mainly by¯exing the branches: both inverted and repeated sites then have equal probabilities for parallel and antiparallel encounters. The latter is also the case for juxtapositions in linear DNA (Fig. 1c) . Hence, a system that recognises the alignment of two juxtaposed sites might prefer a particular orientation with closely spaced sites in supercoiled DNA, yet show no preference for that orientation with distantly spaced sites in supercoiled DNA or with sites in linear DNA. However, this test can be applied only to systems that act with similar ef®ciencies on supercoiled and linear DNA across varied separations.
Many restriction enzymes interact with two copies of their recognition sequence before cutting DNA and most of these act on both supercoiled and relaxed DNA (6) . The endonucleases that interact with two sites include the Type I and the Type III systems, which use translocation mechanisms to cleave DNA at sites distant from their binding sites (5) . They also include many Type II enzymes that cleave DNA at ®xed locations at or near their target sites. These Type II enzymes trap DNA loops by binding to two sites in cis, in the same molecule of DNA (6) . However, the recognition sites for Type II enzymes are often palindromic sequences with rotational symmetry (21) and so cannot be assigned an orientation. But a group of Type II enzymes, the Type IIS systems, recognise asymmetric sequences and cleave both DNA strands at ®xed positions several bases away from that sequence (22) . Moreover, most of the Type IIS enzymes interact with two copies of their target sites before cleaving DNA, for example FokI, BsgI, MboII, BspMI and B®I (23±27). These enzymes usually function better with sites in cis than with sites in trans, but it has yet to be determined for any of these enzymes if their reactions on sites in cis are affected by the relative orientation of the two sequences. If they are affected, the Type IIS enzymes could then reveal the mechanisms of how proteins sense the orientation of one DNA sequence relative to another elsewhere in the DNA.
The Type IIS enzyme studied here, BspMI, recognises the asymmetric sequence 5¢-ACCTGC-3¢ and cleaves top and bottom strands 4 and 8 bases downstream of this site, respectively (21) . It exists in solution as a tetramer of identical subunits (26) . Like the other tetrameric restriction enzymes (28, 29) , BspMI binds two copies of its target site and cleaves both sites concertedly. It converts a DNA with two sites directly to the ®nal products cut at both sites, without liberating intermediates cut at one site (24) . As BspMI has an asymmetric recognition sequence whose orientation can be de®ned, the possibility exists that its interaction with two target sites might be affected by their relative orientation. We report here that this is indeed the case and we identify some of the factors that govern this selectivity.
MATERIALS AND METHODS

Proteins
The BspMI endonuclease was puri®ed from an overproducing strain of Escherichia coli (from R. Morgan, New England Biolabs) and its concentration (given in terms of its tetrameric form) determined as before (26) . All other enzymes were purchased from commercial suppliers and used as advised by the supplier.
DNA
The plasmids pAT153 (30) and pNAG1 (24) were manipulated by standard procedures (31) to yield the derivatives shown in Figure 2 . The duplex used to construct pNAG2 was made by annealing the oligodeoxyribonucleotide AGCTGT-CATCTACCTGCCTGGACAGCATGGCC with GATCGG-CCATGCTGTCCAGGCAGGTAGATGAC (from Cruachem Ltd, Glasgow, UK) at 95°C prior to slow cooling overnight. The plasmids were validated by sequencing across the sites of the insertion (University of Bristol Sequencing Service) and used to transform E.coli HB101 (31) . The transformants were cultured in M9 minimal medium with 37 MBq/l [methyl-3 H]thymidine (Amersham Biosciences UK Ltd) and the covalently closed form of the plasmid puri®ed by density gradient centrifugations (28) . The preparations contained mostly the supercoiled form of the monomeric plasmid, with generally <10% as either dimer or nicked open circle DNA. For reactions on linear DNA, the plasmids were cleaved with PstI, washed with phenol:chloroform and precipitated with ethanol.
Reactions
Aliquots of BspMI (in BspMI dilution buffer) (24) were added to 20 vol of 3 H-labelled DNA in reaction buffer (20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM dithiothreitol and 10 mM MgCl 2 ) at 37°C. DNA concentrations were varied from 2 to 50 nM (while the reaction volume was altered from 400 to 100 ml). An aliquot of the reaction mixture was removed before adding the enzyme. Further aliquots were taken at various times after adding the enzyme (to 0.5 nM) and mixed immediately with a half volume of stop mix (26) . The aliquots varied from 30 ml, from reactions with 2 nM DNA, to 4 ml, with 50 nM DNA. Twelve such samples were taken during a typical reaction. The samples were analysed by electrophoresis through agarose under conditions that separated the substrate and each of the reaction products and the concentrations of each form were determined by scintillation counting (28) .
Reaction velocities were evaluated using GRAFIT (Ethricaus Software, Slough, UK) to ®t the initial decrease in the concentration of the DNA substrate with time to a linear slope. The velocities (mol DNA cleaved/min) were normalised against the enzyme concentration to give turnover rates (mol DNA/mol enzyme/min). Each velocity cited here is the mean from between three and ®ve repeats: error bars denote the standard deviations. The variations in reaction velocity with substrate concentration were ®tted by GRAFIT directly to the Michaelis±Menten equation to yield V max and K m values.
RESULTS
Plasmids
The BspMI restriction enzyme cleaves plasmids with one copy of its recognition sequence at very low rates, though its activity against such substrates is enhanced by oligoduplexes containing the cognate sequence (26, 32) . Hence, as with most Type IIS enzymes, BspMI interacts with two copies of its recognition site. It probably cuts DNA with one site by means of interactions in trans, bridging sites on separate molecules of DNA. The effective concentration of one DNA site in the vicinity of another is higher for two sites in cis, in the same chain, than for sites in trans (7). Consequently, BspMI has a much lower K m for DNA with two recognition sites than DNA with one site, and it usually cleaves the two-site DNA more rapidly than the one-site DNA (24, 26) . The two-site DNA used previously had sites in direct repeat. Whether BspMI is affected by the orientation of its sites was not determined.
A plasmid with one site for BspMI, pAT153 (30) , was manipulated to give two isogenic derivatives with two sites, pNAG1 (24) and pNAG2 (Fig. 2 ). The only difference between pNAG1 and pNAG2 is the orientation of a 28 bp segment of DNA that carries the second BspMI site: in pNAG1, the two sites are in direct repeat; in pNAG2, the two sites are in inverted orientation (Fig. 2) . The derivatives are the same size, 3344 bp, and contain the same length of DNA between the recognition sequences for BspMI: 700 bp in one arc, 2632 bp in the other. Since restriction enzymes are often affected by sequences¯anking their target sites (33) , the sequences around the newly introduced BspMI sites in pNAG1 and pNAG2 were kept the same as the original site in pAT153: for 7 bp upstream and for 15 bp downstream of the site. The latter spans the sites of cleavage of both top and bottom strands, 4 and 8 bp downstream, respectively.
Reactions on supercoiled DNA
Previous work on BspMI had used the supercoiled forms of pAT153 and pNAG1, the plasmids with one and with two repeated sites for BspMI (24, 26) . This was extended here by using both the supercoiled and the linear forms of not only pAT153 and pNAG1 but also pNAG2, the plasmid with two sites in inverted orientation (Fig. 3) . Steady-state conditions were employed, with lower concentrations of enzyme than DNA, so that only a small fraction of the DNA would be bound to the enzyme during the reaction. The DNA observed during the reaction is then mainly free rather than enzymebound DNA. Since these substrates yield several products, cleaved in one or both strands at one or both sites, reaction velocities were determined from the initial linear decrease in the concentration of the substrate with time, rather than from the appearance of any single product.
BspMI cleaved the plasmid with two sites in inverted orientation in a concerted manner (Fig. 3a) , in much the same way as the plasmid with repeated sites (26) . The majority of the supercoiled (SC) DNA was cleaved directly to its ®nal products, the two linear DNA fragments generated by cutting both strands at both sites (L1 and L2): only small amounts of either the open circle (OC) form of the DNA, cut in one strand at one or both sites, or the full-length linear (FLL) DNA, from cutting both strands at one site, were released from the enzyme. However, the FLL form can come from cutting the circular DNA at either one of its two BspMI sites.
Reactions on linear DNA
To see if BspMI cuts the two-site plasmid preferentially at one site over the other, linear substrates were employed that yield distinct products from cleaving one site compared to the other. For example, after cleaving pNAG2 with PstI (Fig. 3b) , a BspMI reaction at site 1 (the original site from pAT153) cuts the 3344 bp substrate into fragments of 795 and 2549 bp; a BspMI reaction at site 2 (the newly introduced site) yields fragments of 1503 and 1841 bp; while cleavage of both sites yields three fragments of 795, 708 and 1841 bp. The fragments of 2549, 1503 and 708 bp thus mark, respectively, the amounts of the DNA cut only at site 1 (but not at 2), only at site 2 and at Figure 2 . Plasmid substrates. The plasmid pAT153 has a single recognition site for BspMI denoted by the arrowhead (the tip points to the site of cleavage) and further restriction sites at the positions shown. To make pNAG1, pAT153 was cleaved with HindIII and BamHI and ligated to a duplex (thick line) made from two 32 base oligonucleotides: the duplex contained a double-stranded segment of 28 bp that has a recognition site for BspMI (arrowhead, orientation as indicated) and 5¢ single-strand extensions of 4 bases at both ends, which match, respectively, HindIII and BamHI termini. The plasmid pNAG2 was constructed in an identical manner except that the sequence of the double-stranded segment of the duplex was reversed relative to the duplex in pNAG1. The plasmids pNAG4 and pNAG5 were constructed from pNAG1 and pNAG2, respectively, by inserting at their PshAI sites a 905 bp fragment from pBR322 (zigzag line) that lacks BspMI sites.
Nucleic Acids
both sites. When BspMI was added to the linear form of pNAG2, the substrate with inverted sites, the majority of the DNA was cleaved concertedly to directly give the ®nal products cut at both sites: only small amounts of the DNA were liberated after cutting at site 1 alone or site 2 alone (Fig. 3b) . However, the two singly cut fragments from linear pNAG2 were formed in equal yield. BspMI thus has the same intrinsic activity at each site.
The linear form of pNAG1, the DNA with two BspMI sites in direct repeat, was also cleaved in a concerted manner: again, only small fractions of the DNA were liberated after cutting just one site (Fig. 3c) . However, in contrast to the above, the two singly cut products were not formed in equal yields. Instead, much more was cleaved at site 1 than at site 2.
The difference between the inverted and the repeated orientations is probably a consequence of BspMI cutting DNA on one side of its recognition site, 4/8 bp away. DNA cleaved by BspMI thus still possesses the intact recognition sequence, either to the`left' or to the`right' of the point of cleavage, depending on the orientation of the site. In a linear DNA with head-to-head (inverted) sites, the two fragments from cutting at site 1 alone and the two from cutting at site 2 alone all carry one copy of the recognition sequence (insert to Fig. 3b) . On the other hand, in the linear DNA with head-to-tail (repeated) sites, the two fragments from cutting at site 1 both carry one copy of the recognition sequence, but one of the two fragments from cutting at site 2 carries two copies of the sequence, while the other has none (Fig. 3c) . DNA with the recognition sequence for BspMI, but not the cleavage site, can activate BspMI on a DNA with one target site (26) . Hence, the fragment that has two copies of the recognition sequence may be processed rapidly to the ®nal product cut at both sites and so fail to accumulate during the reaction, if the site next to the point of cleavage activates the cleavage of the other site. This proposal also accounts for why the amount of singly cut DNA produced during the reaction on the circular substrate is smaller than that on the linear substrate: the FLL form from cutting either site on the circular DNA still possesses two intact copies of the recognition sequence (Fig. 3a) .
The BspMI endonuclease exists as a tetramer of identical subunits (26) , each of which presumably contains one active site. Given either supercoiled or linear DNA with two recognition sites, in either directly repeated or inverted orientations, BspMI usually cleaves both strands at both sites within the lifetime of the DNA±protein complex (Fig. 3) . Hence, regardless of the arrangement of the two sites, the tetramer must still be able to engage at the same time all four of the target phosphodiester bonds in the two-site substrate. However, the af®nity of the enzyme for two sites in direct repeat may still differ from inverted sites. The concurrent binding of BspMI to two sites in a particular orientation could impose an energetically unfavourable con®guration on the intervening DNA and so reduce the af®nity of the enzyme for sites in that orientation.
Af®nities for sites in supercoiled DNA
To assess the relative af®nities of BspMI for two recognition sites in repeated or inverted orientations and for two sites in trans, the steady-state kinetics of its reactions on the supercoiled forms of pAT153, pNAG1 and pNAG2 were examined at various substrate concentrations (Fig. 4a) . The ®rst of these, pAT153, has one BspMI site and is cleaved by means of trans interactions across two molecules of the plasmid. The latter two have two BspMI sites 700 bp apart, in repeated or inverted orientations, respectively, and are cleaved mainly by cis reactions spanning sites in a single DNA. The changes in reaction velocity with DNA concentration were analysed to yield values for V max and K m (Table 1) . [In low ionic strength buffers, the K m of BspMI for pNAG1 is too low to measure. The lowest practicable concentration of this DNA (2 nM) gives the V max rate (26) . A higher ionic strength was used here.] Figure 3 . Concerted reactions. The reactions contained 0.5 nM BspMI endonuclease and 5 nM DNA in reaction buffer at 37°C. Samples were withdrawn from the reactions at various times and analysed as in Materials and Methods to determine the amounts of each form of the DNA shown in the inserts. In (a), the substrate was supercoiled pNAG2, a plasmid with two BspMI sites in inverted orientation: white circles, the intact supercoiled substrate (SC); black circles, open circle DNA cut in one strand (OC); white squares, the full-length linear form cut in both strands at one site (FLL); black squares, the mean of the two linear fragments from cutting both sites in both strands (L1/L2). In (b), the substrate was PstI-linearised pNAG2: white squares, the DNA cut solely at site 1; black circles, the DNA cut solely at site 2; black triangles, the DNA cut at both sites 1 and 2. In (c), the substrate was PstI-linearised pNAG1, a DNA with two BspMI sites in repeat orientation: white squares, the DNA cut solely at site 1; black circles, the DNA cut solely at site 2; black triangles, the DNA cut at both sites 1 and 2.
The rates at which BspMI cleaved the plasmid with two sites in direct repeat increased with increasing DNA concentration up to a maximal rate, in the hyperbolic manner expected for a system following Michaelis±Menten kinetics (Fig. 4a) . Throughout the concentration range examined, this DNA was cleaved more rapidly than the plasmid with one BspMI site. The plasmid with inverted sites was also cleaved more rapidly than the one-site plasmid, but at all concentrations tested this DNA was cleaved more slowly than the DNA with repeated sites (Fig. 4a) . Moreover, instead of showing saturation kinetics, the rates of the reactions on the plasmid with inverted sites increased more or less linearly with increasing amounts of DNA throughout the accessible concentration range (even concentrations >50 nM were insuf®cient to approach saturation; data not shown).
Even though the v versus [S] data for the plasmid with inverted sites can be ®tted to a V max and a K m (Table 1) , the data pertain solely to reactions at substrate concentrations far below the K m , so the resultant values are ill determined. Nevertheless, the K m of BspMI for the inverted sites in pNAG2 is clearly much larger than that for the repeated sites in pNAG1, perhaps 20 times larger, while the two substrates have V max values that differ by less than 3-fold. Thus, on supercoiled DNA with two recognition sites 700 bp apart, BspMI forms a synaptic complex much more readily from directly repeated sites than from inverted sites, but the turnover rate of the complex with repeated sites is similar to that with inverted sites.
Af®nities for sites in linear DNA
The plasmids pAT153, pNAG1 and pNAG2 were cleaved with PstI and the linear DNA used as substrates for steadystate reactions (Fig. 4b) . The linear form of pNAG1, the DNA with two BspMI sites in direct repeat, had a similar K m to the same DNA in its supercoiled con®guration, but a higher V max ( Table 1 ). The rate-limiting step in the reaction pathway for BspMI occurs after the initial binding to the DNA but before phosphodiester hydrolysis and is most likely coupled to the formation of the synaptic complex bridging the sites (26) . This may occur faster in linear DNA than in supercoiled DNA.
The DNA with one BspMI site was also cleaved more rapidly in its linear form than in its supercoiled form, by an even larger factor than that for the two-site DNA.
Consequently, at all concentrations tested, the difference between the rates of cleavage of the substrates with one BspMI site and with two repeated sites was smaller with linear DNA than with supercoiled DNA. Interactions between sites in trans, on two separate molecules of DNA, occur more readily when at least one of the molecules is linear than when Figure 4 . Steady-state kinetics. The reactions, in reaction buffer at 37°C, contained 0.5 nM BspMI endonuclease and DNA at the concentration indicated on the x-axis. In (a), the substrates were the supercoiled forms of: pAT153, a plasmid with one BspMI site (black circles); pNAG1, a plasmid with two directly repeated BspMI sites 700 bp apart (black squares); pNAG2, a plasmid with two inverted sites 700 bp apart (white triangles). In (b), the substrates were linear DNA, from cutting the following with PstI: pAT153 (black circles); pNAG1 (black squares); pNAG2 (white triangles). In (c), the substrates were the supercoiled forms of: pNAG4, directly repeated BspMI sites 1605 bp apart (black circles); pNAG5, inverted sites 1605 bp apart (white circles). Rates of DNA cleavage, measured from the initial linear decrease in substrate concentration with time, were normalised to give the turnover rates on the y-axis. The values are the mean from between three and ®ve independent repeats of each reaction: the error bars in (a) mark the standard deviations [in (b) and (c), error bars are not shown as those from the directly repeated sites overlap those from the inverted sites]. The lines drawn are the best ®ts to the Michaelis±Menten equation: the corresponding values for V max and K m (and the associated error margins) are given in Table 1 . (28) . The linear DNA with one site was also cleaved more slowly than the linear DNA with two inverted sites. The linear DNA with two sites in inverted orientation behaved, however, in a different manner from the same DNA in its supercoiled con®guration. The rate of cleavage of the supercoiled plasmid with two inverted sites had increased more or less linearly with increasing DNA concentrations (Fig. 4a) , but the rate of cleavage of the same DNA in its linear form followed a hyperbolic curve to a maximum at a relatively low DNA concentration (Fig. 4b) . BspMI therefore has a much smaller K m for inverted sites in linear DNA than for inverted sites in supercoiled DNA (Table 1) . Moreover, both the K m and V max for the linear DNA with inverted sites are similar to those for the linear DNA with repeated sites (Table 1) . Thus, in supercoiled DNA with sites 700 bp apart, BspMI has a higher af®nity for sites in repeat orientation than for sites in inverted orientation. Yet in linear DNA with sites 700 bp apart, BspMI has similar af®nities for repeated and inverted sites.
Increased site separation
Further derivatives of pNAG1 and pNAG2 were constructed by inserting into the 700 bp segment between their BspMI sites a 905 bp piece of DNA that lacks the recognition site (Fig. 2) . The derivatives, pNAG4 and pNAG5, have two BspMI sites¯anked by identical sequences, but now separated by 1605 bp. In pNAG4, the sites are in repeat orientation, while pNAG5 has inverted sites. The increase in the length of DNA between the BspMI sites also increases the overall size of the plasmids, from 3344 bp for pNAG1/2 to 4249 bp for pNAG4/5. The larger plasmids will thus generally have branched supercoils while the smaller plasmids will often lack branches (16) .
The supercoiled forms of the plasmids with increased intersite spacings were also used as substrates for steady-state reactions (Fig. 4c) . As before (Fig. 3a) , BspMI cleaved these plasmids in a concerted fashion: almost all of the DNA was cleaved directly to the ®nal products cut at both sites, largely bypassing the DNA cut at a single site (data not shown). With directly repeated sites, BspMI had similar values for both V max and K m on pNAG4, the plasmid with sites 1605 bp apart, as pNAG1, the plasmid with sites 700 bp apart (Table 1) . In contrast, with inverted sites, BspMI had a much lower K m for sites separated by 1605 bp, in pNAG5, than for sites separated by 700 bp, in pNAG2 (Table 1) . Consequently, on supercoiled DNA with sites 700 bp apart, BspMI has a greater af®nity for repeated sites than inverted sites. Yet when the sites are separated by 1605 bp, its af®nity for the sites in direct repeat is similar to that for the sites in inverted orientation.
DISCUSSION
It now appears that most restriction enzymes interact with two copies of their recognition sites before cleaving DNA (6) . Many of these enzymes have palindromic recognition sites with the same 5¢®3¢ sequence in the`top' and`bottom' strands (21) . Such sequences are unaltered by reversing the site within the DNA, so their orientation cannot be speci®ed. The restriction enzymes that might be affected by the orientation of one site relative to another are exclusively those that recognise asymmetric sequences: for example, the Type I, the Type IIS and the Type III systems (5, 22) . DNA cleavage by the Type I and Type III enzymes normally follows the collision of two molecules of the enzyme that are both translocating DNA adjacent to their recognition sites (34) . The Type I enzymes translocate bidirectionally, on both sides of the recognition site (35) , while the Type III enzymes act unidirectionally (12) . The former are thus unaffected by whether their sites are in repeat or inverse orientations (36) but the latter need sites in a particular (the inverse) orientation (11) .
Outside the translocating systems, this report provides the ®rst example of selective recognition of site orientation by a restriction enzyme. Like most Type IIS enzymes (23±27), BspMI has to interact with two copies of its recognition sequence before cleaving DNA. On supercoiled DNA with two sites 700 bp apart, it has a much higher af®nity,~20-fold, for repeated sites over inverted sites (Table 1) . However, on the linear forms of these plasmids, no signi®cant preference was seen for repeated sites over inverted sites. Nor was any preference observed on supercoiled plasmids with 1605 bp between their BspMI sites. BspMI thus constitutes a test system to analyse how a protein recognises the orientation of one DNA sequence relative to another at a distant location in the DNA.
Many systems that recognise the orientation of two DNA sequences have an absolute requirement for sites in a particular orientation and have no activity at all on sites in the opposite orientation (1, 9) . BspMI differs in at least two respects from such systems. First, even in situations where BspMI prefers one orientation to the opposite orientation, it still possesses some activity against the opposite orientation. Secondly, it shows a conditional rather than a ®xed preference for sites in a particular orientation, which depends on both DNA superhelicity and either the length of the intervening DNA and/or the overall size of the DNA molecule. BspMI therefore cannot employ the sort of rigorous barrier that limits, for example, resolvase to sites in direct repeat whilst excluding it from reactions with inverted sites (10) .
The selective recognition of site orientation by BspMI can, however, be correlated to the scheme in Figure 1 , provided that it is active only after synapsing two recognition sites in the antiparallel rather than parallel alignment. In a supercoiled DNA with sites separated by 700 bp, the preference for directly repeated sites can then be accounted for by the juxtaposition of sites across the superhelical axis generating an antiparallel alignment only from sites in direct repeat (Fig. 1a) . The juxtaposition of inverted sites across the superhelical axis produces the parallel alignment. A different mode of juxtaposition, involving the deformation of the superhelical axis, is then needed to generate the active (antiparallel) complex from inverted sites (Fig. 1b) .
On the other hand, distant sites in a large molecule of supercoiled DNA will usually encounter each other on collision of separate segments of the superhelix (18) . Indeed, such sites will often be located in different branches of the superhelix. In these situations, the antiparallel alignment can be generated equally readily from repeated or inverted sites (Fig. 1b) . This scheme can thus account for why, in 3.3 kb molecules of supercoiled DNA with two BspMI sites 0.7 kb apart, BspMI has a lower K m for repeated sites than for inverted sites, yet, in 4.3 kb supercoiled molecules with sites 1.6 kb apart, it has almost the same K m for repeated and inverted sites. Similarly, on linear DNA with sites separated by 0.7 kb, the intervening segment is considerably longer than the persistence length of DNA (37) , so the antiparallel alignment will be generated just as readily from inverted sites as from repeated sites.
Why would BspMI prefer the antiparallel alignment? With another Type IIS enzyme, FokI, the binding of the dimeric form of the protein to two sites has been modelled with the sites in either the parallel or antiparallel alignment (23) . Both models seem consistent with catalytic activity. However, while FokI is a monomer that associates to a dimer for its DNA cleavage reactions (38) , BspMI is a tetramer of identical subunits (26) . The four subunits in the BspMI tetramer are perhaps arranged in two pairs of`primary dimers' (Fig. 5) , as in the NgoMIV tetramer (29) , but while the primary dimers of NgoMIV each contact one copy of its palindromic recognition sequence, BspMI has an asymmetric site. Hence, as in FokI (23, 38) , each subunit of BspMI may have a DNA-binding surface that encompasses the entire recognition sequence. If so, the binding of two copies of the recognition sequence to the two subunits within a primary dimer, say subunits 1 and 2 ( Fig. 5) , will give the active antiparallel alignment, while the binding to two subunits within different dimers, say subunits 1 and 4 (Fig. 5) , yields the inactive parallel alignment. 
